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1. Introduction 

Eutrophication caused by excess nutrient 
loadings from the rural wastewater treatment and 
agricultural runoffs is a major threat to the water 
quality of the Baltic Sea(Destouni et al. 2010). 
The alarming extent of eutrophication has aggra-
vated many challenges of water quality including 
the growth of toxic blue-green algae, which in 
turn has led to depletion of oxygen in deep water 
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zones, and alteration of aquatic organisms and 
recreational values (HELCOM. 2017). The prime 
source of eutrophication is nutrient over-
enrichment driven by the pressure of demograph-
ic demand and socioeconomic development. The 
anthropogenic activities that contribute substan-
tially to the occurrence of eutrophication are land 
use conversion for intensive agriculture, discharge 
of untreated domestic and industrial wastewater 
to water recipients. In Sweden, the runoffs from 
agricultural soil contribute almost 44 % of the 
total phosphorus loading to the Baltic Sea (Jo-
hannesson et al. 2015). Different forms of phos-
phorus are exported from agricultural fields to 
the recipient water bodies. The dominant forms 
are organic phosphorus (OP), particulate phos-
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phorus (PP), dissolved reactive phosphorus 
(DRP) and undissolved phosphorus (UP). Each 
of these phosphorus forms can dictate different 
transport pathways, which are either through 
surface runoffs, macro pores flow or soil matrix 
flow. The dissolved reactive phosphorus (DRP)is 
the form of phosphorus which dominates all 
three transport pathways: surface runoffs, 
macropore flow and soil matrix flow. This is 
most likely due to the fact that DRP is most 
mobile and reactive in water. The long-term 
research conducted by (Ulen et al. 2007) have 
estimated that most of the DRP lost from Swe-
dish agricultural soils comes from clay and silt 
dominated fields, where loadings were quantified 
to be between 0.3 and 6 kg ha-1 year-1. It was 
discovered that sedimentation from the agricul-
tural fields located adjacent to the stream was the 
main mechanism for phosphorus transport. 
Recent studies by (Johannesson et al., 2011) in 
southeast Sweden have observed that organic 
phosphorus (38%) is the dominant form of 
phosphorus transported by sediment runoffs. 

The factors which affect phosphorus reten-
tion in arable land vary spatially and temporarily 
with weather condition, hydraulic loading rates, 
area- specific variations within catchments and 
landscape characteristics (Braskerud 2002; Ulen et 
al. 2007). At the catchment scale, phosphorus 
transport is mainly influenced by the factors of 
hydraulic conductivity of the soils, status of 
phosphorus concentration on the topsoil, land 
use characteristics and landscape topography. 
Several studies have identified that the large 
amount of phosphorus loss from clay and silt 
agricultural fields is closely linked to the volume 
of surface runoffs and land use properties (Ulen 
et al. 2007; Johannesson et al. 2015; Gang, 2009). 
The factors that affect phosphorous mobility 
therefore largely depend on nutrient transport 
pathways and retention mechanisms in agricultur-
al fields.  

To achieve the good ecological status of Baltic 
Sea by 2021, the HELCOM Baltic Sea Action 
plan required all the Baltic Sea member states to 
integrate various mitigation measures in order to 
maximize retention of nutrient to the Baltic Sea. 
Constructed wetlands and best agricultural man-
agement practices are among of the measures 
which have been identified as most appropriate 
for the mitigation of phosphorus losses from 
rural wastewater treatment facilities and agricul-
tural fields. Due to the diversity and complexity 
of the eutrophication problem in the Baltic Sea, 
current challenges regarding the performance of 
constructed wetlands concern the effective design 

and identification of suitable locations for con-
structed wetlands on arable land. The general 
principle for sizing surface flow constructed 
wetlands in Scandinavia is based on the relation-
ship between the hydraulic loading rate and size 
of the catchment. Generally, 1 - 2 % of the 
catchment land is suggested as a unit area of the 
constructed wetland for satisfactory nutrients 
retention.  

As demonstrated above, process-based mod-
els such as Soil and Water Assessment Tools 
have provided a better understanding of nutrient 
transport mechanisms based on the impacts of 
land use changes and Best Management Practices 
(BMP) in large scale watersheds.  

The objective of this study was to apply the 
SWAT model in the Oxundaån Catchment in 
Sweden to: (i) identify the critical polluting dif-
fuse and point sources (ii) quantify the long term 
mobility and retention of dissolved reactive 
phosphorus in the catchment (iii) compare the 
dominant transport pathways of phosphorus loss 
in the catchment due to the effects of land use 
change and BMP. To achieve these goals the 
study addressed three questions. 

 Could the coupled topography and 
hydrologic process based model cap-
ture seasonal variations of DRP 
transports? 

 How the critical contributing diffuse 
and point sources vary spatially and 
temporally with the land use and best 
management practices? 

 How the modelling uncertainties of 
the phosphorus transport and sorp-
tion processes change with land use 
scenarios and management practices?  

 

2. Materials and methods 

2.1.  Site description  

The SWAT modelling of phosphorus 
transport and retention was performed for 
Oxundaåncatchment in Sweden. The catchment 
is located at latitude (59037'30''N - 59025'0''N) 
and longitude (17047'30''E - 1807'30''E) in the 
vicinity of Norrström Swedish water district in 
the north of Stockholm County (Fig.1). The total 
surface area of the catchment is 29253 ha, in 
which more than 41 % of this area is covered by 
agricultural fields, 18 % by rural settlements 
and20 % by forests. The elevation of the land-
scape ranges between 25 - 99 m and is mostly 
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characterized by high slopes of up to 30 %. The 
basin has three contributing streams: Verkaån 

stream in the northeast, Rosendal Oxunda and 
Vallentuna. The landscape is fairly flat and char-

Fig. 1. Location of study area in the (a) Norrström basin-third water district in Sweden (b) 
land use distribution (c) geological condition and (d) sub-catchment in the Oxundaån 
basin. 

(c) 

(b) (a) 

(d) 
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acterized by young clay soil with some undulating 
rock in the south. This study site was chosen 
because of clay variation between the north and 
south of the catchment and land use patterns. 
The main features of land use characteristics in 
the northern part of the catchment are agricultur-
al fields, animal husbandry and forests. The 
outcrops and rural settlements are the dominant 
features in the south.  

2.2 Input data 

A raster data of digital elevation model (DEM) 
with fine resolution of 2 m * 2 m from SLU 
Geodata Portal was used to delineate Oxundaån 
basin (29253 ha) into 34 sub-catchments. The 
land cover datasets have a25 m* 25m resolution; 
soil datasets were requested from geological 
survey of Sweden and DEM were used to define 
284 hydrological response units (HRUs). Each 
HRU represented similar properties of land use, 
soil types and slope. The water runoffs and sedi-
ment erosion from each HRUs were routed 
together to obtain the total runoffs and sediments 
transports for the particular watershed. The daily 

climatic data and stream flow observed from 
three weather stations and streams gauge stations 
in the basin were accessed from the Swedish 
Meteorological and Hydrological Institute 
(SMHI). These climatic data were daily measure-
ments of rainfall, maximum and minimum tem-
perature, humidity, solar radiation and wind 
speed. Information of phosphorus leakages for 
the Swedish Water District 3 was obtained from 
the Swedish Marine and Water Authority. Aver-
age value of 0.3 kg and 0.03 kg per hectare were 
used as input variables for the amount of phos-
phorus lost from agricultural land and forests, 
respectively (Brandt and Ehjed, 2002). 

2.3 Modelling surface phosphorus loadings 

The SWAT (Soil and Water Assessment 
Tool) version 10.2 2 for the processes of nutrient 
transport, mineralization, adsorption, co-
precipitation and sediment yields were performed 
using climatic data spanning42 years, for the 
period between1968 and2012. The pools of 
phosphorus processes simulated by this study are 
given in Fig.2.  

Fig. 2. Pools of phosphorus transport and sorption processes simulated by SWAT in a 

catchment. Figure modified by incorporating other processes of phosphorus trans-

ports and sorption from (Neitsch et al., 2005). 
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The SWAT model was used to combine 
the effects of hydrology on the transport and 
yield of sediments. To simulate these processes, 
the input data of land use management opera-
tions, weather data and spatial distributed data 
were used to simulate various processes of water 
flow. The simulations of nutrient transport were 
carried out by calculating the specific area prod-
uct of the water runoffs and nutrient concentra-
tions. The SWAT model used the Modified 
Universal Loss Equation (MUSLE) approach 
(Eqn. 1) to calculate the amounts of sediments 
generated from each HRU. A range of input data 
were used simulate the sediment yields in the 
surface flow.  = .8 ∗ ( ∗ 𝑝 𝑎 ∗ 𝐴 𝑎ℎ ) .∗ 𝐿𝐸 ∗ 𝐶 𝐿𝐸 ∗ 𝐿𝐸 ∗ 𝐿𝐸∗ 𝐶                                   

Where Sed= sediment yield on a given day (metric 
tons), Qsurf= volume of surface runoffs 
(mmH2O/ha), qpeak= peak runoffs rate (m3s-1), 
areahru= area of HRU (ha), KUSLE= USLE soil 
erodibility factor (0.013 metric ton m2 hr/(m3-
metric ton cm)), CUSLE= USLE cover and man-
agement factor, PUSLE= USLE support practice 
factor, LSUSLE=USLE topographic factor and 
CFRG= coarse fragment factor. 

2.4 Modelling lateral phosphorus loadings 

The SWAT (Soil and Water Assessment Tool 
The sediments transported by lateral and 
groundwater flow were simulated using (Eqn. 2). 
 

𝑎 =  ( 𝑎 + 𝑤) ∗ 𝐴 𝑎ℎ ∗ 𝐶      

 

Where Sedlat= sediment yield on a given day based 
on the lateral water flow (metric tons), Qlat= 
lateral flow (mm H2O/ha), Qgw= groundwater 
flow for a given day (mm H2O/ha), Consed= Con-
centration of sediment in lateral flow (mgl-1). 

2.5 Impacts of BMPs and land use on loads 

The information regarding best management 
practices (BMPs) for tillage operations, filter 
strips, riparian buffer zones and the timing of 
fertilizer applications were gathered from the 
Swedish Board of Agriculture (Jordbruksverket) 
as well as Statistics Sweden (Statistiska central-
byrån). To calculate the impacts of BMPs, this 
study applied the average value of 22 kg of phos-
phorus and 170 kg of nitrogen for manure and 
inorganic fertilizer per hectare in the top 10 mm 
soil layer of the model profile. The total phos-

phorus (𝐶  transport from sub-catchments was 
computed using to the (eqn 3.) 

 𝑎 𝑡 = [ 𝐶 ∗ 𝐴 + 𝐶 ∗ 𝐴 + ⋯ 𝐶𝑛 ∗ 𝐴𝑛𝐴 + 𝐴 + ⋯ 𝐴𝑛 ]    

 

Where, 𝐶  denotes the phosphorus concentration 

of mineral phosphorus, 𝐶 the phosphorus con-

centration of manure, 𝐶  is a combined phospho-

rus of manure and mineral fertilizers and 𝐶  is 
the background concentration of unfertilized soil. 𝐴  ,𝐴 , 𝐴  and 𝐴  correspond to the specific 
sub-basin areas, which apply the mineral fertilizer 
or manure fertilizers. 

2.6 Model calibration and uncertainty analysis 

The SWAT model was run for 42 years to pa-
rameterize the influence parameters range so as 
to describe processes of various phosphorus 
pools in the surface water, groundwater, plant 
and soils. The SWAT - CUP software was used to 
calibrate the model by selecting the parameters 
from the literature and adjust them one at a time 
to investigate their sensitivity. A total of 38 pa-
rameters were calibrated in the SUFI-2program in 
the SWAT - CUP.  

 

3. Results and discussions  

3.1 Trend of water quality parameters and loads 

The phosphorus transport provided in (Fig. 3) 
was simulated in the SWAT based on the meas-
ured data for Verkaån stream runoffs and phos-
phorus concentration in the river. The results 
showed a decreasing trend of phosphorus load-
ings from 200 g P /month in 1972 to 70 g P/ 
month. Nitrogen and total organic carbon indi-
cated constant loadings. The long term assess-
ment of the phosphorus loading in the Oxundaån 
basin indicated high P-loadings during the spring 
as well as wet seasons when the hydrological 
loading is quite high. The decreasing trend of 
phosphorus suggests that there is internal reten-
tion of the phosphorus in the agricultural field. It 
should be noted that all the agricultural fields 
adjacent to the Verkaån stream are dominated by 
clay soils and fine postglacial fine soils. In addi-
tion, the topography of the fields located adjacent 
to the Verkaån stream are fairly flat. These fac-
tors could account for a lower export of phos-
phorus from these agricultural fields. The total 
organic loading (TOC) was observed to be con-
stant.  
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However, the results in (Fig. 3) showed that the 
loading increased after every second year. This 

can be attributed to the fast release of phospho-
rous that had been retained during the previous 

Table 1. Water quality parameter used in the SWAT model calibration. 

Parameter_Name Process Description Fitted Min Max Units 

CN2.mgt Surface flow Curve number - soil permeability -0.47 -0.65 -0.45  

USLE_P.mgt Sediment USLE support practice factor 0.91 0.10 1  

SOL_K(1).sol Infiltration Saturated hydraulic conductivity 0.72 0.70 0.85 mm/hr 

SOL_ZMX.sol Plant uptake Maximum rooting depth in soil 0.36 0.03 0.50 mm 

USLE_K(1).sol Sediment  USLE soil erodibility factor 0.01 0.01 0.02 hr/(m
3
 - ton 

cm)) 

SOL_AWC(1).sol Infiltration Soil available water capacity 0.30 0.25 0.30  

PSP.bsn Phosphorus ransport Phosphorus availability index 0.70 0.00 1.00  

PPERCO.bsn Phosphorus leaching Phosphorus percolation coefficient 10.75 10 17.50 m
3
/mg 

NPERCO.bsn Nitrate leaching Nitrate percolation coefficient 16.75 10 17.50 m
3
/mg 

RSDCO.bsn OM  decomposition Rate constant for OM decomposition 0.01 0.01 0.05  

SOL_NO3().chm Nitrate transport Initial NO3 conc. in the top soil layer 2.00 0.00 20.0 mg/kg or 
ppm 

SOL_ORGN().ch
m 

Nitrogen transport Initial organic nitrogen conc. in soil 
layer 

85.00 0.00 170. mg/kg or 
ppm 

SOL_ORGP().chm Phosphorus 
transport 

Initial organic P conc. in soil layer 11.00 0.00 22.00 mg/kg or 
ppm 

RS1.swq Algae settling Local algal settling rate at 20 
o
C 1.80 0.00 2.00 m/day 

RS2.swq Phosphorus source Benthic source rate for dissolved P 0.07 0.00 0.10 mg/m
2
.day 

RS5.swq Phosphorus source Benthic (sediment) source rate for 
organic phosphorus at 20 Oc 

0.07 0.00 0.10 1/day 

MUMAX.wwq Algae growth rate Maximum specific algal growth rate  1.60 1.00 3.00 1/day 

CH_N2.rte Surface water flow Manning's value for tributary channel 0.29 0.20 0.50  

CH_K2.rte Infiltration Effective hydraulic conductivity of 
channel 

81.00 75 95 mm/hr 

CH_COV1.rte Sediment erosion Channel cover factor 0.10 0 1.00  

ALPHA_BF.gw Base flow in shallow 
aquifer 

Base flow recession constant  -0.61 -0.65 -0.57  

GW_DELAY.gw Groundwater flow Delay time for aquifer recharge 0.00 0.00 0.00 day 

GWQMN.gw Groundwater flow Threshold water level in shallow 
aquifer for base flow 

1467 1300 1857 mm H2O 

REVAPMN.gw Groundwater flow Threshold water level revap from 
shallow aquifer 

21.90 17 24.00 mm H2O 

RCHRG_DP.gw Groundwater flow Aquifer percolation coefficient 0.02 0.02 0.04  

GW_REVAP.gw Groundwater flow Revap coefficient for groundwater 0.54 0.37 0.61  

HRU_SLP.hru Surface water flow Average slope of the sub-basin 0.78 0.67 0.79 (% or m/m) 

ESCO.hru Evaporation Soil evaporation compensation factor 0.61 0.44 0.68  

OV_N.hru Surface water flow Manning's value for overland flow 0.25 0.02 0.35  

SLSUBBSN.hru Surface water flow Average slope length 23.23 20.2 30.30 m 

EPCO.hru Plant uptake Plant uptake compensation factor 0.82 0.80 0.85  

RS5.swq Algae settling Algal settling rate for organic phos-
phorus at 20 

o
C 

0.07 0.00 0.10 1/day 

BC2.swq Nitrogen nitrification Rate constant for biological oxidation 
of NO2 to NO3 at 20 

o 
C 

0.38 0.20 2.00 1/day or 
1/hr 

BC4.swq P mineralization Rate constant organic phosphorus 
mineralization to dissolved 20 

o 
C 

0.63 0.01 0.70  

AI1.wwq Nitrogen in algae Fraction of algal that is nitrogen 0.06 0.02 0.09 mgN/mgal
g 

AI2.wwq Phosphorus in algae Fraction of algal that is Phosphorus 0.01 0.01 0.02 mgP/mg 
alg 

MGT_OP{[],6}.mgt Nutrient sink/sources Management operations in the fields  1.70 1.00 2.00  

CH_S1.sub Rate transports Average slope of tributary channels 15.00 0.00 30.00 m/m 
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year by the organic muddy and glacial clay soils, 
and is an effect of the large hydraulic loading. 
The patterns of TOC loading shown in Fig.2 
indicate that the organic phosphorus could be the 

dominant form of phosphorus which is trans-
ported from the sub-catchments in the northeast 
of the Oxundaån. The peak of pH has decreased 
near to the neutral pH (pH 7.4).  

Fig. 3. Long-term model simulation response evaluated from the measured water quality 
parameters for pH, Tot - P, Tot - N and TOC loadings at Verkaän stream. 
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However, the variation of pH has indicated a 
decrease during the summer and increase during 
the rainy season. This means that, the rainy sea-
son features an increase in pH due to the 
transport of limed minerals (CaO) from the 
agricultural fields. The pH of the stream waters in 
the Verkaån was high between the year 1976 and 
1988. This was due to the offset of the liming 
programme in Sweden in 1970. 

3.2 Correlation between water quality and loads 

The correlation between the measured var-
iable of total phosphorus (Tot-P), total nitrogen 
(Tot-N) and total organic carbon (Tot- TOC) 
against the pH and electric conductivity (EC) are 

presented in (Fig. 4). As stated earlier, pH and 
electrical conductivity are the most important 
factors which can dictate nutrient transport in 
water catchments. The conditions which favour 
retention of phosphorus are high pH and high 
EC. The EC is used to describe the phosphorus 
retention mechanisms by precipitation with the 
mineral content (e.g. Ca2+, Fe2+, Mg2+ Al3). The 
results in (Fig. 4) showed a poor and decreasing 
correlation between the nutrient loadings (Tot-P 
and Tot-N) and the pH, but a small increasing 
correlation between the nutrient loadings and 
electrical conductivity. This could be due to the 
extensive efforts of lake liming in Sweden that 
started in the early 1970s.  

Fig. 4.Correlationsbetween the measured total phosphorus (Tot-P), total nitrogen (Tot-N) and 
total organic carbon (TOC) estimated against the pH and electrical conductivity (EC). 
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This program has increased the coagula-
tion of nutrients and alkalinity in the lake by 
raising metallic cations (Ca2+, K+, Mg2+) which 
have increased EC to some extent. 

3.2 Effects of BMPs and Land use on loads 

The amounts of phosphorus transported by 
sedimentation were investigated using the param-
eter in the Modified Universal Loss Equation 

(MUSLE) approach for different land uses. It was 
observed that the retention of eroded phospho-
rus via sedimentation varied significantly accord-
ing to land cover and soil type. Although clay soil 
can easily capture phosphorus, several previous 
studies have observed that the mass of eroded 
phosphorus in the clay and silt increase sequen-
tially with the increase of hydraulic load-

Fig. 5. Total phosphorus and Total nitrogen of source apportionment modeled in the SWAT 
model for four sub - catchments. 
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ing(Braskerud 2003; Sveistrup et al., 2008; Ton-
derski et al,  2005;). In order to model the phos-
phorus transport from different land uses, this 
study tested the two following values of hydraulic 
loading rate: a high value (1514 kg ha-1 yr-1) and a 
low value (39 kg ha-1 yr-1), derived from (Johan-
nesson et al. 2015). The apportioned total of 
phosphorus from different land use components 
are provided in (Fig. 5). 

The general results showed that agriculture is 
the main contributor of phosphorus loading. The 
analysis showed that phosphorus losses from the 
agricultural fields into the Verkaån stream con-
tributed 63 % of phosphorus loading, almost two 
times higher than those released from the 
Oxunda. It was hard to quantify the amount of 
phosphorus retained in Oxunda Lake due to 
variations in water flow volumes between the two 
streams (Verkaån and Rosendal Oxunda). These 
results directly showed that the best sites for 
locating constructed wetlands should be those 
areas in the northeast of the Oxunda catchment 
and at the south proximity of inlet stream to the 

Oxunda basin. The selection of these two sites 
was based on the scientific evidence of the reten-
tion of incoming high concentrations in the south 
and the presence of clay soil in the northeast of 
the basin. The research findings from (Braskerud 
2003) showed that clay soil can reduce soil parti-
cle sedimentation at low hydraulic loadings. 

3.3 Model calibration and sensitivity analysis 

The parameter sensitivity analyses to evaluate the 
individual influence of the parameters in predict-
ing the various processes of the phosphorus 
transport and retention were analysed using the 
Sequential Uncertainty Fitting (SUFI2) program 
in the SWAT-CUP (Abbaspour et al., 2015). The 
results in Table 1represent the range of the cali-
brated parameters for SWAT modelling in the 
Oxunda catchment. The parameters were cali-
brated one-at-a-time in the SWAT-CUP, and 
calibration was terminated after achieving a 
strong agreement with the measured variables.  

 

Fig. 6. Sensitivity analysis of the parameter used to simulate the water quality characteristics 
in the Oxundaån basin. 
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Fig. 7. Statistics of the water quality data measured for Verkaän Verka stream for pH, 

Tot - p, Tot-N and TOC parameters. 
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The identification of the most sensitive parame-
ters was based on the large absolute value of t-
stat and small p-value. The results in (Fig. 6) 
showed that the most sensitive parameters for 
modelling water quality in the Oxundaån catch-
ment were CH-K2.rte, SOL_AWC.sol, AI2.wwq 
and R_BC2.swq.  

3.4 Model simulation performance 

The simulation of the model performance was 
evaluated using the descriptive statistical values 
and best fit of the simulated graph against the 
measured values. The descriptive statistical values 
which used to analyse the quality of measured 

Fig. 8. Model simulation response evaluated for the measured Total phosphorus 

transport in the Verkaän stream for period of two years. The simulated residual is 

the difference between the simulated model and measured variable.  



A new modelling approach for phosphorus mobility and retention processes in the Oxundaån catchment, Sweden 

 

data were standard deviation and skewness (Fig. 
7). The skewness and standard deviation were 
used to evaluate the deviation of data from the 
mean values, in other words, they were used to 
assess the representativeness of the data. Residu-
als and relative variance between the measured 
data and simulated outputs were used to evaluate 
the model simulation error or efficiency of the 
model in fitting the measured values (Fig. 8). The 
simulation response of the model shown in Fig. 8 
showed the satisfactory agreement of the simulat-
ed model against the calculated total phosphorus 
loadings. However, the simulated outputs were 
much earlier than the measured value. Relative 
variance observed to be high in the small number 
of data and decrease sequentially as the number 
of data increased (Fig. 8). The model simulation 
residuals at 99 % confidence interval showed that 
the error was equally distributed meaning that 
there were not much error from the mean values. 

4. Conclusions 

The process-based SWAT model was successfully 
applied and calibrated for the Oxundaån catch-
ment to describe the processes of phosphorus 
mobility and retention. The modelling results 
showed that the transport of phosphorus varied 
significantly with landscape characteristics and 
background concentration. The clay and silt soil 
in the northeast of the Oxunda catchment re-
duced phosphorus loading. These phenomena 
were probably due to low land slopes which 
decreased the hydraulic loading rate. However, 
during the spring season, phosphorus transport 
was observed to increase. Water volume there-
fore also had a great influence on phosphorus 
transport. The current findings from this study 
suggest that the northeast and southwest of the 
Oxunda catchment are appropriate locations for 
the siting of constructed wetlands. Localities in 
the southwest would protect the high phospho-
rous concentrations flowing with wastewater 
discharged from the settlements in the south. 
However, further investigation is required to 
incorporate moreparameters related to best man-
agement practice to provide a better understand-
ing their influence on phosphorus transport.  
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